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Helicobacter pylori CPY3401 and an isogenic urease-negative mutant, HPT73, showed chemotactic responses
to urea, flurofamide (a potent urease inhibitor), and sodium bicarbonate. Since urea and sodium bicarbonate
are secreted through the gastric epithelial surface and hydrolysis of urea by urease on the bacterial surface is
essential for colonization, the chemotactic response of H. pylori may be crucial for its colonization and
persistence in the stomach.

Helicobacter pylori is one of a few species of bacteria which
colonize the gastric mucus layer of humans. Since the bacte-
rium induces a chronic inflammatory response in the stomach
that can result in peptic ulceration and gastric neoplasms (3),
it is important to understand the mechanisms by which H.
pylori colonizes and persists in the gastric mucus layer. H. pylori
is highly motile and is characterized by a spiral body with a
bundle of unipolar sheathed flagella. High motility even in a
viscous environment (7) is a virulence determinant of H. pylori.
The cells’ sheathed flagella contain two flagellin molecules,
FlaA, the major species, and FlaB, which is expressed in minor
amounts (9). Both flagellin species are necessary for full mo-
tility on soft agar plates and for full colonization of gnotobiotic
piglets (5). The bacterium is also unique in having a large
amount of urease in the cytoplasm and on the cell surface (8,
15). A ureB-disrupted mutant was unable to colonize the stom-
achs of nude mice, which was ascribed to the failure of ammo-
nia production for neutralization of the acidic microenviron-
ment (17). Urease-producing H. pylori cells survived in vitro at
pH 2 in the presence of urea, but not in its absence, suggesting
that exogenous urea is required for acid resistance (18). These
findings indicated that urea is important for H. pylori infection.
Therefore, we hypothesized that H. pylori has the ability to
access urea by means of flagellar movement. In the present
study, we report the first example of bacterial chemotaxis with
urea and bicarbonate as attractants.
Bacterial strains and chemotaxis assay. H. pylori CPY3401

and one of its ureB-disrupted mutants, HPT73 (17), were used.
Bacteria were grown on brucella agar supplemented with 5%
horse serum under microaerobic conditions at 378C for 2 days
and were carefully suspended in the chemotaxis buffer (10 mM
potassium phosphate buffer [pH 7.0]) to a concentration of 33
108 cells per ml (optical density at 560 nm of 0.4). Chemotaxis
(swimming) was assayed by a modification of the procedure
described by Adler (1). One-microliter micropipettes (Micro-
caps; Drummond Scientific Co., Broomall, Pa.) were sealed at
one end and filled with various compounds in the chemotaxis
buffer to make chemoattractant tubes. A small chamber
formed by laying V-shaped sealed micropipettes between a
microscope slide and a coverslip was filled with 200 ml of
bacterial suspension. Three chemoattractant tubes were then
placed into the chamber to be in contact with the bacterial

suspension. The setting up of the chamber and subsequent
incubations were routinely carried out at 288C. The chemotaxis
assay at 378C was technically difficult because of evaporation
during the procedure. After incubation, bacteria in the tube
were spread over a known area (0.125 cm2) on a microscope
slide, Gram stained, and counted under a microscope. Data
were expressed as means (error bars indicate standard devia-
tions) for three determinations.
The strains retained their motility and colony-forming ability

in the chemotactic buffer after incubation for 120 min at 288C.
Since urea is a rapidly diffusing molecule, we measured the
urea concentration in the tube before and after a 60-min in-
cubation without bacteria by the method of Creno et al. (4).
The urea concentration in the tube containing 10 mM urea
decreased to 6.3 mM after the incubation, suggesting that the
urea diffused from three 1-ml tubes (3.7 mM urea in 3 ml) in the
200-ml chamber might not have a significant effect on the
chemotaxis assay.
Chemotactic response to urea and its analogs. H. pylori

CPY3401 entered the tubes containing 1 and 10 mM urea, and
a higher concentration of urea (100 mM) repressed the migra-
tion (Fig. 1A). The average bacterial count per tube in the
absence of urea was 14, whereas those in the presence of 1 mM
urea at 60 min and 10 mM urea at 30 min were 350 and 640,
respectively. Since urea hydrolysis by bacterial urease might
have some effects on the chemotactic response, we carried out
experiments to estimate (i) the change in the pH of the solu-
tion in the tube containing 10 mM urea during the incubation,
(ii) the amounts of the reaction products NH3 and CO2 nec-
essary to cause the pH change, and (iii) the chemotactic re-
sponse of the bacteria to NH4Cl and NaHCO3. We obtained
the following results. (i) The pH was approximately 7.2 after
the 60-min incubation. (ii) The complete hydrolysis of 1 mM
urea in the chemotaxis buffer by Jack bean urease changed the
pH of the chemotaxis buffer from 7.02 to 7.23. (iii) The average
bacterial counts per tube, which contained 1 mM NH4Cl or 1
mM NaHCO3, were 53 and 300, respectively (see below). The
last findings indicated that we could not discount the effect of
urea hydrolysis on the chemotactic response toward urea.
Therefore, we carried out similar experiments with the isogenic
urease-negative strain HPT73. The latter bacteria were also
attracted by urea but less efficiently than the urease-positive
bacteria (Fig. 1B). The average bacterial counts in the absence
and in the presence of 10 mM urea at 60 min were 14 and 300,
respectively. We carried out an additional experiment with
HPT73 to see the effect of urea which was present both in the
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tubes and on the slide. The average bacterial count was 28 at
30 min in the presence of 10 mM urea both in the tubes and on
the slide. Based on these results, we concluded that H. pylori
has chemotactic activity toward urea.
Bacteria of strains CPY3401 and HPT73 were also attracted

to a urease inhibitor, N-(diaminophosphinyl)-4-fluorobenz-
amide (flurofamide; Tocris Cookson Ltd., Bristol, United
Kingdom) (Fig. 2). The concentration of flurofamide to give
maximum migration was 1 mM for both strains, and a higher
concentration (10 mM) repressed the activity. The chemotactic
response of CPY3401 to 1 mM flurofamide at 378C was similar
to the response at 288C within 30 min, while the bacterial
counts leveled off subsequently (data not shown). When 1 mM
flurofamide was present both in the suspension buffer and in
the tube, the bacterial migration was not observed. Urea ana-
logs such as acetohydroxamic acid, hydroxyurea, and, possibly,
ammonium chloride also attracted the bacteria (Table 1). The
concentrations of urease inhibitors for chemotactic response of
both urease-positive and urease-negative strains were compa-
rable to the 50% inhibitory doses of H. pylori urease (12). The
potent inhibitory effect of flurofamide on urease was ascribed
to the resemblance of the phosphorotriamide portion of the
structure to the tetrahedral intermediate of urea in the urea-
urease interaction (11). This structural mimicry might reflect
the behavior of urea-responsive bacteria toward flurofamide.
Previously we showed that neither UreA nor UreB subunits
are present in the cells of a ureB-disrupted strain (13). There-

fore, the findings presented above suggest that H. pylori has a
urea-responsive molecule for locomotion which is independent
of the urease subunits.
In contrast to urea and its analogs, L-glutamine or glycine

did not attract the bacteria; the average counts of CPY3401
with 1 mM glutamine and 1 mM glycine were 58 and 36,
respectively. Some amino acids such as glutamate and methi-
onine at a concentration of 1 mM attracted the bacteria (data
not shown).
Chemotactic response to sodium bicarbonate. Bacteria of H.

pylori CPY3401 migrated into tubes containing sodium and
potassium bicarbonate (Fig. 3). The maximal migration was
observed in the presence of 10 mM (each) sodium and potas-
sium bicarbonate. In addition, the bacteria were attracted by
sodium chloride (Fig. 4A), whereas the attraction by potassium
chloride was not prominent (Fig. 4B). The chemotactic re-
sponse to sodium chloride was not inhibited by 1, 2.5, and 5
mM amiloride, a Na1 pump inhibitor, suggesting that the
energy source for the flagellar movement may be the proton
motive force, but not the sodium motive force which drives the
polar flagellar motor of Vibrio parahaemolyticus (2). Similar
results were obtained with urease-negative HPT73 (data not
shown).
The chemotactic response of bacteria starts by sensing a

concentration gradient of attractants by a sensor molecule on
the cell membrane, and the signal is transduced to the loco-
motion machinery, which makes the bacteria move toward a

FIG. 1. Chemotactic response of H. pylori CPY3401 (A) and HPT73 (B) to
urea. Data had higher standard deviations than those of other chemotactic
responses as shown in Fig. 2 and 3. Urea concentrations: E, none; å, 1 mM; F,
10 mM; h, 100 mM.

FIG. 2. Chemotactic response of H. pylori CPY3401 (A) and HPT73 (B) to
flurofamide. Flurofamide concentrations: E, none; å, 0.1 mM; F, 0.25 mM; h, 1
mM; ■, 10 mM.

FIG. 3. Chemotactic response of H. pylori CPY3401 to sodium bicarbonate
(A) and potassium bicarbonate (B). Concentrations: E, none; å, 1 mM; F, 10
mM; h, 100 mM.

TABLE 1. Chemotactic responses of H. pylori to urea analogs

Urea analog

No. of bacteria/tube (mean 6 SD)
at 60 min

CPY3401 HPT73

None 13.7 6 1.52 49.7 6 61.25

Hydroxyurea
1 mM 115 6 38.11 165 6 55.23
10 mM 159 6 27.02 116 6 37.47

Acetohydroxamic acid
1 mM 220 6 27.43 213 6 20.11
10 mM 182 6 74.19 138 6 43.82

Ammonium chloride
1 mM 53 6 29.05 241 6 87.30
10 mM 77 6 7.94 107 6 77.57
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higher concentration of attractants (6). Urea is synthesized
exclusively in the liver and is circulated and excreted in the
gastric juice. Finely developed capillary networks beneath the
basement membrane of epithelial cells supply urea, and a con-
centration gradient of urea must be formed in the mucus layer.
The urea concentrations in the sera and gastric juices of
healthy uninfected subjects are, on average, 5 and 2 mM,
respectively (14). Our results indicated that these concentra-
tions are in the effective range to attract H. pylori. Further-
more, the chemotactic response to urea was observed in a
viscous environment of 3% polyvinylpyrrolidone (19). There-
fore, H. pylori in the mucus layer may sense urea and move
toward the epithelial cell surface, which must be important for
persistent infection of this organism. In accordance with this,
Kirshner and Blaser (10) assumed that H. pylori resides mostly
in the gastric mucus layer and that only a small portion (2%)
attaches to the epithelial cells, so, therefore, the former pop-
ulation is present to replenish the latter. H. pylori cells from
young cultures have urease in the cytoplasm, and the surface
localization of urease is ascribed to autolysis of a portion of the
bacteria in the population (15). H. pylori cells with surface
urease may hydrolyze urea rapidly before sensing. We assume
thatH. pylori cells without surface urease may be swimmer cells
which sense urea, and the cells with surface urease may be
produced after colonization. The chemotactic response of H.
pylori to urea ensures that urease will produce ammonia and
carbon dioxide. Ammonia neutralizes gastric acid to form am-
monium chloride, which in turn serves as a nitrogen source.
Thus, the chemotactic response to urea should be crucial not
only for acid resistance, but also for colonization in the hostile
environment.
Bicarbonate is secreted into the gastric mucosa by a chlo-

ride-bicarbonate exchanger localizing in parietal cells whereas
Na1 is secreted by a Na1-H1 exchanger localizing in the mu-
cous neck, chief, and surface mucous cells (16). The chemo-
tactic response to sodium bicarbonate may also contribute to
the persistence of H. pylori. Since bicarbonate anion is one of
the reaction products of urease, this response might be impor-
tant in the absence of urea. Thus, the chemotactic response to
bicarbonate may assist the chemotaxis with urea.
The chemotactic response to urea appears to be specific for

H. pylori. In preliminary experiments, we observed no such
activity in Helicobacter fennelliae, a highly motile, urease-neg-

ative species of bacteria which was isolated from intestine.
Similarly, some enteric bacteria, such as Proteus mirabilis and
Escherichia coli, did not show a significant response to urea
(data not shown). Further studies are necessary to characterize
the unique chemotactic response in H. pylori in detail in order
to understand the molecular mechanism and pathobiological
significance of bacterial ureataxis.

This work was supported by a grant-in-aid from the Ministry of
Education, Science and Culture, Japan (08457089, 08307004).

REFERENCES

1. Adler, J. 1973. A method for measuring chemotaxis and use of the method
to determine optimum conditions for chemotaxis by Escherichia coli. J. Gen.
Microbiol. 74:77–91.

2. Atsumi, T., L. McCarter, and Y. Imae. 1992. Polar and lateral flagellar
motors of marine Vibrio are driven by different ion-motive forces. Nature
355:182–184.

3. Blaser, M. J. 1993. Helicobacter pylori: microbiology of a ’slow’ bacterial
infection. Trends Microbiol. 1:255–260.

4. Creno, R. J., R. E. Wenk, and P. Bohlig. 1970. Automated micromeasure-
ment of urea using urease and the Berthelot reaction. Am. J. Clin. Pathol.
54:828–832.

5. Eaton, K. A., S. Suerbaum, C. Josenhans, and S. Krakowka. 1996. Coloni-
zation of gnotobiotic piglets by Helicobacter pylori deficient in two flagellin
genes. Infect. Immun. 64:2445–2448.

6. Falke, J. J., D. F. Blair, T. J. Silhavy, and R. Schmitt. 1995. BLAST 1995:
international conference on bacterial locomotion and signal transduction.
Mol. Microbiol. 16:1037–1050.

7. Hazell, S. L., A. Lee, L. Brady, and W. Hennessy. 1986. Campylobacter
pyloridis and gastritis: association with intercellular spaces and adaptation to
an environment of colonization of the gastric epithelium. J. Infect. Dis.
153:658–663.

8. Hu, L.-T., and H. L. T. Mobley. 1990. Purification and N-terminal analysis of
urease from Helicobacter pylori. Infect. Immun. 58:992–998.

9. Josenhans, C., A. Labigne, and S. Suerbaum. 1995. Comparative ultrastruc-
tural and functional studies of Helicobacter pylori and Helicobacter mustelae
flagellin mutants: both flagellin subunits, FlaA and FlaB, are necessary for
full motility in Helicobacter species. J. Bacteriol. 177:3010–3020.

10. Kirschner, D. E., and M. J. Blaser. 1995. The dynamics of Helicobacter pylori
infection of the human stomach. J. Theor. Biol. 176:281–290.

11. Millner, O. E., Jr., J. A. Andersen, M. E. Appler, C. E. Benjamin, J. G.
Edwards, D. T. Humphrey, and E. M. Shearer. 1982. Flurofamide: a potent
inhibition of bacterial urease with potential clinical utility in the treatment of
infection induced urinary stones. J. Urol. 127:346–350.

12. Mobley, H. L. T., M. J. Cortesia, L. E. Rosenthal, and B. D. Jones. 1988.
Characterization of urease from Campylobacter pylori. J. Clin. Microbiol.
26:831–836.

13. Nagata, K., E. Takagi, M. Tsuda, T. Nakazawa, H. Satoh, M. Nakao, H.
Okamura, and T. Tamura. 1995. Inhibitory action of lansoprazole and its
analogs against Helicobacter pylori: inhibition of growth is not related to
inhibition of urease. Antimicrob. Agents Chemother. 39:567–570.

14. Neithercut, W. D., P. A. Rowe, A. M. El Nujumi, S. Dahill, and K. E. L.
McColl. 1993. Effect of Helicobacter pylori infection on intragastric urea and
ammonium concentrations in patients with chronic renal failure. J. Clin.
Pathol. 46:544–547.

15. Phadnis, S. H., M. H. Parlow, M. Levy, D. Ilver, C. M. Caulkins, J. B.
Connors, and B. E. Dunn. 1996. Surface localization of Helicobacter pylori
urease and a heat shock protein homolog requires bacterial autolysis. Infect.
Immun. 64:905–912.

16. Stuart-Tilley, A., C. Sardet, J. Pouyssefur, M. A. Schwartz, D. Brown, and
S. L. Alper. 1994. Immunolocalization of anion exchanger AE2 and cation
exchanger NHE-1 in distinct adjacent cells of gastric mucosa. Am. J. Physiol.
266:C559–C568.

17. Tsuda, M., M. Karita, M. G. Morshed, K. Okita, and T. Nakazawa. 1994. A
urease-negative mutant of Helicobacter pylori constructed by allelic exchange
mutagenesis lacks the ability to colonize the nude mouse stomach. Infect.
Immun. 62:3586–3589.

18. Tsuda, M., M. Karita, T. Mizote, M. G. Morshed, K. Okita, and T. Naka-
zawa. 1994. Essential role of Helicobacter pylori urease in gastric coloniza-
tion: definite proof using a urease-negative mutant constructed by gene
replacement. Eur. J. Gastroenterol. 6(Suppl. 1):S49–S52.

19. Yoshiyama, H. Unpublished results.

Editor: P. E. Orndorff

FIG. 4. Chemotactic response of H. pylori CPY3401 to sodium chloride (A)
and potassium chloride (B). Concentrations: E, none; å, 1 mM; F, 10 mM; h,
100 mM.
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